We systematically study the structures and electrical transport properties of a series of Sn-doped indium oxide (ITO) films with thickness t ranging from ∼5 to ∼53 nm. Scanning electron microscopy and x-ray diffraction results indicate that the t 16.8 nm films are polycrystalline, while those t 26.7 nm films are epitaxially grown along [100] direction. For the epitaxial films, the Altshuler and Aronov electron-electron interaction (EEI) effect governs the temperature behaviors of the sheet conductance σ at low temperatures, and the ratios of relative change of Hall coefficient ∆RH /RH to relative change of sheet resistance ∆R /R are ≈2, which is quantitatively consistent with Altshuler and Aronov EEI theory and seldom observed in other systems. For those polycrystalline films, both the sheet conductance and Hall coefficient vary linearly with logarithm of temperature below several tens Kelvin, which can be well described by the current EEI theories in granular metals. We extract the intergranular tunneling conductance of each film by comparing the σ (T ) data with the predication of EEI theories in granular metals. It is found that when the tunneling conductance is less than the conductance of a single indium tin oxide (ITO) grain, the ITO film reveals granular metal characteristics in transport properties, conversely, the film shows transport properties of homogeneous disordered conductors. Our results indicate that electrical transport measurement can not only reveal the underlying charge transport properties of the film but also be a powerful tool to detect the subtle homogeneity of the film.
Tin-doped indium oxide (ITO) is a very interesting and technologically important transparent conducting oxide (TCO), which simultaneously possesses high electrical conductivity and high optical transparency in the visible light range. It is widely used as transparent electrodes in optoelectronic devices, such as flat panel displays, organic light emitting diodes, solar cells and energy-efficient windows. [1] [2] [3] [4] With the rapid development of touch technology, the ITO films are needed to be as thin as possible to improve the performance of smallsize touch panels, such as in smart phones and tablet computers. 5, 6 However, the change in film thickness may also change the transport property of charge carriers which could in turn affect the sensitivity and stability of the touch devices. For example, it is recently found that when the TCO films are thin enough, their electrical transport properties will be similar to that of granular metals. 7, 8 Thus it is necessary to systematically investigate the underlying charge transport mechanisms variation with the thickness of the ultrathin TCO films.
In this Letter, we systematically investigated the temperature behaviors of the electrical conductivity σ and Hall coefficient R H of a series of ITO films with thickness t ranging from ∼5 to ∼53 nm. We found that the intergrain electron-electron interaction (EEI) and virtual electron diffusion effects govern the temperature behaviors of σ and R H , respectively, for t < 26.7 nm film, while the Altshuler-Aronov EEI effect dominates the temperature behaviors of σ and R H of the t 26.7 nm films. Our results indicate that electrical transport measurement can not only reveal the underlying charge transport properties of the films but also be a powerful tool to detect the subtle change from inhomogeneous to homogeneous in film growing process.
Our ITO films were deposited on (100) yttrium stabilized ZrO 2 (YSZ) single cryatal substrates by standard rf-sputtering method. The sputtering source was a ceramic Sn-doped In 2 O 3 target with purity of 99.99% (the atomic ratio of Sn to In is 1:9). The base pressure of the vacuum chamber was below 8.5 × 10 −5 Pa, and the deposition was carried out in an argon (99.999%) atmosphere of 0.6 Pa. During the depositing process, the sputtering power was held at 100 W and the substrate temperature was fixed at 923 K. We prepared nine ITO films with different thicknesses by controlling the sputtering time. The thicknesses of the films, ranging from ∼5 to ∼53 nm, were determined by the low-angle x-ray diffraction. 7 The surface morphologies of the films were characterized by the scanning electron microscopy (SEM). The crystal structure was determined by the x-ray diffraction (XRD), including normal θ-2θ, φ and ω scans. The electrical conductivity and Hall effect were measured in a physical property measurement system (PPMS-6000, Quantum Design) by the standard four-probe method. In the conductivity measurement process, a magnetic field of 7 T and perpendicular to the film plane, is applied to suppress the weak-localization effect.
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Figure 1 presents the SEM images for four representative ITO films with t=8.5, 12.3, 26.7, and 35.6 nm, respectively. For t 8.5 nm, the ITO grains have not completely covered the YSZ substrate and the film shows granular-like characteristics in morphology. As for the 12.3 nm thick film, the substrate is completely covered by the film and the grain boundaries are evident, i.e., the film reveals polycrystalline features. (The microstructure of the 16.8 nm thick film is similar to that of the 12.3 nm thick film.) For the 26.7 nm thick film, the grain boundaries disappear and only some dents or scars, which may be the remnants of the grain boundaries, are left on the surface of the film. When the thickness is further in- creased to above 35.6 nm, the dents and scars disappear and the film become uniform in the whole image, i.e., epitaxial growth of ITO film on (100) YSZ may be achieved. 
show the φ scan spectra of (211) plane for three [100]-orientated films. For the t 35.6 nm thick films, four uniform-distribution peaks present in each of the φ scan patterns, suggesting the films may epitaxially grow on the substrates; the rocking curves (ω scan spectra) are symmetric and the full widths at half maximum of the diffraction peaks are ∼0.4
• [inset of Fig. 2(f) ], which confirms the epitaxial growth. As for the 26.7 nm thick film, although the φ scan also possesses fourfold symmetry, the rocking curve is asymmetrical. Hence the film is nearly epitaxial grown and may have many defects. The φ scan spectrum of the 16.8 nm thick film loses the fourfold symmetry. Combining to the SEM image, one can obtain that the film is [100] direction textured polycrystalline film.
Recently, it is theoretically found that the influence of EEI effect on the electrical transport properties in granular metals is different to that in homogeneous disordered conductors. Specifically, in granular metals and the strong intergrain coupling limit [g T ≫1, where g T = G T /(2e 2 / ) is the dimensionless intergranular tunneling conductance, G T is the intergrain tunneling conductance, e is the electronic charge, and is the Planck constant divided by 2π], the intergrain EEI effect governs the temperature behavior of electrical conductivity and leads to a ln T behavior of σ(T ), which does not depend on the dimensionality of the samples. Precisely, in the temperature range g T δ/k B < T ≪ E c /k B (δ is the mean-energy level spacing in the metallic grain, k B is the Boltzmann constant, and E c is the charging energy), the electrical conductivity can be written as [14] [15] [16] [17] 
where σ 0 is the conductivity without the EEI effect and d is the dimensionality of the granular array. Whereas in homogeneous disordered metals, the correction to conductivity due to the conventional EEI effect is related to the dimensionality of the system. In two-dimensional (2D) systems, the variation of the sheet conductance is given by 9, 18, 19 
where T 0 is an arbitrary reference temperature, F is the electron screening factor. Figure 3(a) shows the variation in sheet conductance σ with the logarithm of temperature for three representative ITO films, as indicated. Clearly, the conductance varies linearly with ln T between 2 K and T * , where T * is the temperature below which the logarithmic law holds. Our experimental T * values vary from ∼20 to ∼85 K, depending on the samples (see Table I ). The linear dependence of ln T part of σ(T ) was least-squares fitted to Eq. (1), and the fitted results were plotted as straight solid lines in Fig. 3(a) . In the fitting process, σ 0 and g T are the adjustable parameters and the charging energy is taken to be E c ≈ 10k B T * . 7, 17 In addition, considering the film can only be covered by one single layer of ITO grains, we take the dimensionality to be d = 2. Figure 3(b) shows the variation of g T with t. Inspection of this figure indicates that g T increases from ∼6 to ∼260 when t increases from ∼5 to ∼53 nm. Theoretically, Eq. (1) is derived in the strong coupling limit 1≪ g T ≪ g 0 , where g 0 = G 0 /(2e 2 / ) and G 0 is the conductance of a single metal grain. The condition 1≪ g T ≪ g 0 means that the main contribution to the longitudinal resistance comes from the tunneling barriers between the grains rather than from scattering on impurities inside the grains. When g T is close to g 0 , the system can be viewed as a homogeneous disordered conductor. The resistivity of our 800 nm thick ITO film grown on (100) YSZ substrate can be as low as ∼5.0 × 10 −5 Ω cm. Taking this value as the longitudinal resistivity of a single ITO grain and assuming the ITO grains are square in top view, we obtain the g 0 value for each film. The thickness t dependence of g 0 is also shown in Fig. 3(b) . The difference between g T and g 0 decreases with increasing t but g T is much less than g 0 for those t 7 nm films. For those 8.5 t 16.8 nm films, g T gradually approaches g 0 with increasing t. When t is greater than 26.7 nm, g T would be greater than g 0 , indicating these films with t 26.7 nm have already become homogeneous and Eq. (1) fails to describe the ln T behavior of these films. Thus the homogeneity of the film can be determined by comparing g T with g 0 , and the result is consistent with that obtained by SEM and XRD measurements.
We analyze the temperature behavior of these t 26.7 nm films using Altshuler and Aronov EEI theory.
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For the thickest film (t = 52.8 nm), the electron thermal diffusion length is estimated to be L T = D/(k B T ) ≈ 91 nm at 100 K.
20 Hence our ITO films are 2D with regard to EEI effect. Figure 3(c) shows the change of sheet conductance versus the logarithm of temperature for the 35.6 and 52.8 nm thick films and the solid straight lines are least-squares fits to Eq. (2) . Here the reference temperature T 0 is taken as 2 K. Clearly, the experimental ∆σ (T ) data can be well described by Eq. (2), and the fitted parameter F increases with increasing t [ Fig. 3(d) ]. Theoretically, the screening effect of electrons increases with increasing electron density. 21 Inspection of Table I indicates that the carrier concentration indeed increases with increasing t. Hence the observed t dependence of F is reasonable and self-consistent. For those t < 26.7 nm films, the theoretical predictions of Eq. (2) are also coincident with the σ (T ) data, however, the obtained F values are negative [see Fig. 3(d) ]. Since the conventional EEI theory requires that 0 F 1, our results indicate that the ln T behavior of σ(T ) for the t < 26.7 nm films can not ascribe to the Altshuler and Aronov EEI effect, and are specific to granular system. We thus observed the crossover of the EEI effect from intergrain to Altshuler and Aronov types in ITO films by tuning the thicknesses of the films.
According to the recent theories, 22, 23 EEI effect due to the presence of granularity also affects the temperature behavior of the Hall coefficient, which is also different to that of homogeneous disordered conductors. More precisely, when the virtual electron diffusion effect is consid-ered, the change of Hall coefficient can be written as 22, 23 
where n * is the effective carrier concentration, c d is a numerical lattice factor. Eq. (3) is valid in the temperature range Inspection  Fig. 4(a) indicates the Hall coefficients of the films vary linearly with ln T from 2 K up to T max , where T max is the temperature below which the logarithmic law holds. The values of T max vary from ∼85 to ∼130 K for our granular ITO films. The ∆R H data were least-squares fitted to Eq. (3), and the fitted results were plotted as straight solid lines in Fig. 4(a) . (In the fitting process, the n * value was taken the average value of the carrier concentration near T max , and c d is the only adjustable parameter.) From this figure, one can see that Eq. (3) can well describe our experimental ∆R H in a considerably wide temperature range. The fitted parameter c d is listed in Table I . For the homogeneous ITO films, the changes of Hall coefficients ∆R H = R H − R H (2 K) also vary linearly with ln T below ∼30 K, as shown in the inset of Fig. 4(a) .
We extract the ratio (γ) of relative change of Hall coefficient [R H (T ) − R H (2 K)]/R H (2 K) to that of the sheet resistance [R (T ) − R (2 K)]/R (2 K) for each film. We found that γ is almost a constant for each film as T varies from 2 K to T * (2 K < T < T * ). Figure 4(b) shows the variation in theγ with t for the films, whereγ is average value of γ between 2 K and T * . Inspection of Fig. 4(b the conventional EEI effect also causes a correction to the Hall coefficient, which is related to the correction to the resistance. More precisely, the relation between the changes of the Hall coefficient and the sheet resistance is given by ∆R H /R H =2∆R /R . 9, 10, 18, 19 Thus the result γ ≈ 2 for each homogeneous ITO film agrees well with the predication of Altshuler et al 's theory. In fact, such kind of consistency in the ratio γ between the experimental result and the theoretical predication is seldom observed in other systems although this predication was proposed three decades ago. Ref. 24 is considered as the first paper to demonstrate the predication. However the authors found that the ratio γ tend to be 2 only in the limit R → 0 and H → 0, where R is the sheet resistance of the electron gas in Si metal-oxide-semiconductor field effect transistors and H is the magnetic field applied in Hall effect measurement. Successively, it is found that the ratio γ is ∼1.5 in 6.2 nm thick Au film, 25 and 1.4 in 7.5 to 14 nm thick GeSb 2 Te 4 films. 26 Hence ITO thin film is an ideal model system to quantitatively test the quantum electron transport theories, which may be related to the free-electron-like energy bandstructure of this material.
3,27-31 According to Eq. (1) and Eq. (3), the relative changes of the Hall coefficient and resistance should obey ∆R H /R H ≈ (c d d/2)∆R /R in the temperature range g T δ/k B < T ≪ E c /k B .
32 For the 2D ITO granular arrays, the theoretical value of the ratio would beγ ≈ c d . Checking Fig. 4(b) and Table I , one can readily see that the value ofγ is almost identical to the value of c d for those t 16.8 nm films. This result in turn provides strong evidence for the validity of Eqs. (1) and (3) .
In summary, we deposit a series of ultrathin ITO films on (100) YSZ single crystal substrates by rf-sputtering method. The t 16.8 nm films are polycryatalline films while those t 26.7 nm films are epitaxially grown on the substrates. The temperature behaviors of sheet conductance and Hall coefficient of the epitaxial film can be well described by Altshuler and Aronov EEI theory, and the ratios of relative change of Hall coefficient ∆R H /R H to relative change of resistance ∆R /R are ≈2. For the t 16.8 nm films, the temperature behaviors of sheet conductances and Hall coefficients can only be quantitatively described by the current theory of EEI effect in the presence of granularity. Comparing the intergranular tunneling conductance deduced from the current EEI theory with the conductance of a single ITO grain, one can precisely determine the homogeneity of the ITO film. Thus the electrical transport measurement is also a powerful tool to detect the subtle change of the homogeneity
